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APOLLO 9 SPACECRAFT OPERATIONAL DISPERSION ANALYSIS 

VOLUME I - DISPERSION ANALYSIS SUMMARY 

By Anne Accola 

SUMMARY 

The spacec ra f t  d i spe r s ion  ana lys i s  f o r  t h e  Apollo 9 mission i s  
presented  i n  t h i s  document. This d i s p e r s i o n  a n a l y s i s  comprises Volume I - 
of t h e  Apollo 9 Spacecraf t  Operational Dispersion Analysis .  Volume I1 
w a s  publ i shed  as MSC I N  69-FM-35, and Volume I V  w a s  publ ished as 
MSC I N  69-FM-7. 
mission w a s  s imulated with an a n a l y t i c  Monte Carlo program. The 
e f f e c t s  of naviga t ion  u n c e r t a i n t i e s ,  performance and platform errors, 
and r e t a r g e t i n g  were included.  

To ob ta in  t h e  data  p re sen ted  i n  t h i s  document, t h e ,  

I n  t h e  case  of t h e  rendezvous, a n a l y s i s  of t h e  d a t a  r e v e a l s  t h a t  
s e v e r a l  p re l iminary  mission l i m i t s  have been exceeded. The 30 TPI 
t i m e  v a r i a t i o n  of +4 minutes 8 seconds v i o l a t e s  t h e  c o n s t r a i n t  t h a t  
TPI be no ear l ie r  than  3 minutes 30 seconds.  The problem can be 
a l l e v i a t e d  by use  of t h e  t ime opt ion i n s t e a d  of t h e  e l eva t ion  angle  
opt ion  i n  t h e  TPI program f o r  those cases  which v i o l a t e  t h e  c o n s t r a i n t .  
Seve ra l  l i m i t s  on t h e  d i f f e r e n c e  between PGNCS and MSFN so lu t ions  
have been v i o l a t e d ,  and new l i m i t s  are suggested.  

Although o r b i t a l  d i spe r s ions  f o r  t h e  APS burn t o  dep le t ion  are  
l a r g e ,  t h e s e  d i spe r s ions  should not provoke unnecessary concern. The 
e x t e r n a l  AV t a r g e t s  have been biased s u f f i c i e n t l y  t o  guarantee p rope l l an t  
dep le t ion .  

No unreasonable t r a j e c t o r y  d ispers ions  r e s u l t  from t h e  SPS and 
DPS burns.  There i s  a very  s l i g h t  p o s s i b i l i t y  t h a t  SPS-1 w i l l  not 
be a s h o r t  burn.  It  could e a s i l y  be forced  t o  be s h o r t  with minor 
impact on t h e  fol lowing maneuvers. Reentry dev ia t ions  a r e  considered 
siiiaii arid pi-esent problem. A prCpel lact  SI?-T~.ZI~ fer the major 
maneuvers i n d i c a t e s  t h a t  d i spers ions  a r e  wi th in  t h e  al lowable budgets .  
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INTRODUCTION 

1 -  

I "  

This document i s  t h e  f i r s t  volume of t h e  series e n t i t l e d  "Apollo 9 
Spacecraf t  Operat ional  Dispersion Analysis. ' '  
"Rendezvous Dispersion Analysis",  was publ ished as MSC I N  69-FM-35 
(February 1969). 
was compiled by David Dvorkin and was publ i shed  as MSC I N  69-m-7 
(January 1969).  

Volume I1 of t h e  s e r i e s ,  

The f o u r t h  volume , "Navigat ional  Error Analysis" ,  

This  d i spe r s ion  a n a l y s i s  w a s  performed i n  three p a r t s :  t h e  
rendezvous phase,  t h e  APS burn t o  d e p l e t i o n ,  and t h e  remainder of 
burns during t h e  mission.  
designed t o  i n s u r e  t h e  proper t r a c k i n g ,  l i g h t i n g ,  and o r b i t a l  cond i t ions ,  
no i n i t i a l  s t a t e  vec to r  d i spers ions  w e r e  s imulated.  Rendezvous 
r a d a r  and MSFN naviga t ion  were modeled wi th  naviga t ion  covariance 
ma t r i ces ,  and PGNCS and RTCC t a r g e t i n g  techniques were used f o r  t h e  
maneuvers. Three hundred Monte Carlo cyc les  of t h e  rendezvous were 
run. 

Because t h e  burns p r i o r  t o  rendezvous were 

The APS burn t o  dep le t ion  was analyzed ind iv idua l ly .  Two hundred 
cyc le s  of t h e  burn were simulated wi th  t r ack ing  u n c e r t a i n t i e s  and wi th  
performance and p la t form e r r o r s .  This  burn w a s  not r e t a r g e t e d .  

The t h i r d  p a r t  inc ludes  t h e  remainder of t h e  mission: f i v e  SPS 
burns and one DPS burn p r i o r  t o  t h e  rendezvous and t h r e e  SPS burns 
after it. This  s imula t ion  extends from o r b i t a l  i n s e r t i o n  t o  400 000-ft 
a l t i t u d e  with a coas t  per iod  through t h e  rendezvous. 

A naviga t ion  update w a s  performed p r i o r  t o  each burn. I n i t i a l  
s ta te  vec to r  u n c e r t a i n t i e s  caused by launch v e h i c l e  e r r o r s  were s imulated.  
The docked DPS burn w a s  not  r e t a rge ted ;  t h e  d e o r b i t  burn w a s  r e t a r g e t e d  
t o  t h e  nominal i n e r t i a l  v e l o c i t y  magnitude and f l i gh t -pa th  angle  va lues  
a t  t h e  end of t h e  deo rb i t  maneuver. The o the r  burns were r e t a r g e t e d  
t o  t h e  nominal apogee a l t i t u d e ,  per igee a l t i t u d e ,  and r i g h t  ascens ion  
of t h e  ascending node. 
i t e r a t i n g  on s e l e c t e d  parameters ( i . e . ,  t h e  s o l u t i o n  w a s  obtained by 
checking t o  see i f  success ive  guesses were wi th in  s p e c i f i e d  t o l e r a n c e s ) .  
The s o l u t i o n  obtained i s  not necessa r i ly  t h e  optimum one. The to l e rances  
used  were 1 n. m i .  f o r  apogee a l t i t u d e ,  5 n. m i .  f o r  per igee  a l t i t u d e ,  
0.03' f o r  f l i gh t -pa th  ang le ,  0.5' f o r  r i g h t  ascension of t h e  ascending 
node, and 1 0  f p s  f o r  i n e r t i a l  ve loc i ty  magnitude. 'The r e t a r g e t i n g  
t o l e r a n c e s  and parameters a r e  somewhat a r b i t r a r y .  Changing them would 
change t h e  s t a t i s t i c a l  r e s u l t s  t o  some ex ten t .  The parameters were 
s e l e c t e d  t o  c o n t r o l  t h e  o r b i t  as it would be con t ro l l ed  i n  rea l  t i m e .  
The to l e rances  were s e l e c t e d  t o  keep t h e  o r b i t  as nominal as poss ib l e  
without  causing excessive A V  dev ia t ions .  The platform w a s  a l i n e d  f o r  

The r e t a r g e t i n g  process  w a s  performed by 
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t h e  rendezvous maneuvers so  t h a t  a t  TPI it would be a t  t h e  p r e f e r r e d  
o r i e n t a t i o n .  For a l l  o the r  maneuvers, t h e  p la t form w a s  a l i n e d  t o  t h e  
p r e f e r r e d  o r i e n t  a t  ion .  

Mission P r o f i l e  and Simulat ion 

The mission which was s imulated was taken  from t h e  D mission opera- 
t i o n a l  t r a j e c t o r y  ( re fs .  1, 2 ,  and 3 ) .  
e r r o r s  w a s  run  t o  serve as t h e  s imula t ion  nominal. Those n o m i n a l t r a -  
j e c t o r y  parameters are given i n  t h e  maneuver summary tables.  
they  do not d i f f e r  s i g n i f i c a n t l y  from t h e  OT. Di f fe rences  can be at- 
t r i b u t e d  t o  t h e  a n a l y t i c  coas t  r o u t i n e  and t o  t h e  a n a l y t i c  burn model 
used i n  the  s imula t ion .  

For each p a r t ,  a case  wi th  no 

I n  gene ra l ,  

The spacecraf t  w a s  i n i t i a l l y  i n s e r t e d  i n t o  a 110-n. m i .  c i r c u l a r  
o r b i t .  The LM e x t r a c t i o n  from t h e  S-IVB w a s  s imulated only as a weight 

loss  a t  the nominal t i m e  of 4 08 57 
of t h e  SPS engine which exe rc i se s  t h e  s h o r t  burn l o g i c  i n  t h e  onboard 
computer. Nominally, it i s  a ?-second burn of 37 f p s .  I n  t h e  s imula t ion ,  
it w a s  r e t a rge ted  t o  r e t u r n  t o  t h e  nominal apogee a l t i t u d e  and pe r igee  
a l t i t u d e .  
a l t i t u d e  t o  1 3 2  n. m i .  I n  real-time ope ra t ions ,  it w i l l  be  necessary 
f o r  t h e  SPS-1 t o  be 5 seconds long.  

h m s  g . e . t .  The SPS-1 i s  a systems t e s t  

The SPS-1 i s  performed c l o s e  t o  pe r igee  and raises apogee 

I n  combination wi th  SPS-3, t h e  SPS-2 reduces t h e  mass of t h e  space- 
c r a f t  t o  increase  t h e  SM RCS d e o r b i t  c a p a b i l i t y  and t o  provide CSM rescue  
c a p a b i l i t y  of t h e  LM. The half-amplitude s t r o k i n g  t e s t  which occurs  
during t h i s  burn w a s  not s imulated because it has no e f f e c t  on d i spe r s ion  
r e s u l t s .  Nominally, t h e  SPS-2 i s  112 seconds i n  d u r a t i o n  and has  a AV 
of 850 f p s ;  it raises apogee a l t i t u d e  t o  193 n .  m i .  

The SPS-3 maneuver occurs  two r evo lu t ions  a f t e r  t h e  SPS-2. It 
raises apogee a l t i t u d e  t o  272 n.  m i . ;  it i s  a 281-second burn of 
2549 f p s .  
75 seconds i n t o  t h e  burn and r e s u l t s  i n  s l i g h t l y  h igher  t h r u s t  and 
weight flow r a t e  va lues .  
during t h i s  burn but  was not  s imulated.  
provides  much of t h e  nodal s h i f t  r equ i r ed  f o r  proper  rendezvous l i g h t i n g .  

Crossover from t h e  SPS s t o r a g e  tank  t o  t h e  sump t ank  occurs  

The fu l l -ampl i tude  s t r o k i n g  t e s t  t a k e s  p l ace  
Completion of SPS-2 and SPS-3 

- - ~~ 

The main purpose of t h e  SPS-4 burn i s  t o  provide  AV f o r  phasing 
changes and nodal s h i f t s  needed f o r  l a t e  l i f t - o f f s .  Nominally, it i s  an 
out-of-plane burn of 28 seconds and 300 f p s .  
u l l a g e  precedes t h e  burn.  

A 20-secondY two-jet  RCS 

The docked DPS burn provides  t h e  f i r s t  manned systems t e s t  of t h e  
DPS engine and provides  some of t h e  nodal s h i f t  r e q u i r e d  f o r  proper  
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rendezvous l i g h t i n g  and phasing.  Reference 1 con ta ins  t h e  t h r u s t  p r o f i l e  
t o  be followed. During t h e  l a s t  58 seconds,  t h e  engine i s  t o  be manually 
t h r o t t l e d  by a crewman. The ex te rna l  AV t a r g e t s  have been b iased  t o  
in su re  t h a t  t h e  crewman and not the PGNCS w i l l  shu t  o f f  t h e  engine.  The 
crewman w i l l  cu t  o f f  t h e  burn at a guidance time-to-go of 4 seconds,  
which i s  a V of approximately 1 0  f p s .  I n  t h e  Monte Carlo s imula t ion ,  

t h e  burn cu to f f  i s  based on t h e  magnitude of t h e  V t h a t  remains (10  f p s )  

and i s  not r e t a r g e t e d .  The l a t e s t  available Apollo 9 DPS engine d a t a  w a s  
used ( r e f .  4 )  and it d i f f e r s  s l i g h t l y  from t h e  d a t a  used i n  t h e  OT. Con- 
sequent ly ,  t h e  nominal burn t i m e  i n  t h e  s imula t ion  d i f f e r s  from t h e  burn 
t i m e  i n  t h e  OT by approximately 1 2  seconds.  The burn i s  most ly  out  of 
p lane  and i s  preceded by a 10-second, two-jet  RCS u l l a g e .  The nominal 
AV gained i s  1696 f p s .  

g 

g 

The SPS-5 c i r c u l a r i z e s  t h e  o r b i t  at  130 n.  m i .  f o r  t h e  rendezvous 

Nominally, it ga ins  551  f p s  and lasts 
(128 by 137 n.  m i .  i n  t h e  nominal s imula t ion  caused by Kepler ian ap- 
proximations i n  t h e  t a r g e t i n g ) .  
42 seconds. 
l i m i t a t i o n  c o n s t r a i n s  SPS-5 t o  be a t  l eas t  40 seconds long.  

A 20-second, two-jet  RCS u l l a g e  precedes it. A hardware 

I "  

. 

The CSM sepa ra t ion  from t h e  LM i s  a radially-down maneuver of 
5 f p s  performed by t h e  CSM RCS. 
0.6 f p s  (3a)  i s  imparted t o  each component of t h e  CSM a c t u a l  vec to r .  
A p e r f e c t l y  executed impulsive maneuver i s  assumed, and t h e  est imated 
s t a t e  i s  updated. 

A s ta t ionkeeping  unce r t a in ty  of 

The phasing maneuver i s  a p re spec i f i ed ,  rad ia l ly-up  maneuver of 
85 f p s .  It c o n s i s t s  of a 7-second u l l a g e ,  15  seconds a t  t h e  1 0  percent  
t h r o t t l e  s e t t i n g  on t h e  DPS engine, and t h e  remainder of t h e  burn a t  a 
40 percent  t h r u s t .  The phasing maneuver p l aces  t h e  LM i n  an equiper iod 
o r b i t  so  t h a t  the  LM v a r i e s  i n  i t s  d i s t a n c e  from t h e  CSM from a maximum 
of 48 n .  m i .  t o  a minimum of 3 n.  m i .  
o r b i t  a r e  approximately 11 n .  m i .  above and below t h o s e  of t h e  CSM. 

The apogee and per igee  of t h e  

Af te r  t h e  phasing maneuver, t h e  rendezvous sequence could be abor ted  
by performance of a TPI maneuver. Many systems t e s t  ob jec t ives  would 

have been s a t i s f i e d  p r i o r  t o  t h i s  t i m e .  Nominally, t h e  TPI i s  not  
executed.  

0 

0 

m, l n e  next 'uur.11 is iiisei-tiofi , which iieai-l.3- cii-ciilai-iZes the Qi-Slt 
of t h e  LM 11 n.  m i .  above t h e  o r b i t  of t h e  CSM. It i s  a burn of 
25-seconds du ra t ion  which ga ins  40 f p s  a t  1 0  percent  DPS t h r u s t .  The 
c u r r e n t  p lan  i s  f o r  i n s e r t i o n  t o  be computed i n  t h e  R T C C ;  however, it 
w a s  ca l cu la t ed  i n  t h e  s imula t ion  by t h e  onboard CDH r o u t i n e  wi th  t h e  
PGNCS s t a t e  vec to r s  a t  a spec i f i ed  t i m e .  Af t e r  i n s e r t i o n ,  t h e  LM c o a s t s  
40 minutes t o  CSI i n i t i a t i o n  and s t ages  t h e  descent  s t age .  
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The purpose of t h e  
a t  CDH so  t h a t  t h e  t ime 
a r e s u l t  of CSI, t h e  LM 
t h e  per igee of  t h e  CSM. 

CSI i s  t o  e s t a b l i s h  proper phasing condi t ions  
and e l e v a t i o n  angle  at TPI w i l l  be nominal. A s  
o r b i t  has a per igee  t h a t  i s  1 0  n. m i .  below 
This  maneuver ga ins  38 f p s  and uses  t h e  RCS 

through the  APS in t e rconnec t .  

The CDH e s t a b l i s h e s  a cons tan t  d e l t a  he ight  of 1 0  n.  m i .  wi th  
t h e  LM behind and below t h e  CSM. 
and i s  preceded by a 4-second, fou r - j e t  RCS u l l a g e .  

A 3-second APS burn provides  38 f p s  

I n  the  s imula t ion ,  no t ime c o n s t r a i n t  w a s  app l i ed  t o  t h e  TPI. 
Nominally, it i s  I t  w a s  i n i t i a t e d  on an  e l eva t ion  angle  of 27.5'. 

a fou r - j e t  RCS maneuver of 18 seconds and 23 f p s .  

Two nominally zero midcourse co r rec t ions  a t  10  and 22 minutes 
a f t e r  TPI i n i t i a t i o n  are used t o  co r rec t  t h e  i n t e r c e p t  t r a j e c t o r y  i f  
requi red .  These midcourse co r rec t ions  are  followed by t h e  TPF braking 
maneuver which n u l l i f i e s  t h e  r e l a t i v e  c los ing  ra te .  

Af te r  t h e  rendezvous, t h e  ascent  s t a g e  i s  separa ted  from t h e  CSM, 
and t h e  ascent s t a g e  p rope l l an t  i s  burned t o  dep le t ion .  The AV t a r g e t s  
are b iased  t o  in su re  dep le t ion .  For t h e  Monte Carlo s imula t ion ,  t h e  
burn w a s  not r e t a r g e t e d ,  and it w a s  cu t  o f f  on t h e  nominal end-of-burn 
weight.  The maneuver r e s u l t s  i n  an o r b i t  of 3249 by 126 n .  m i .  I t  i s  
360 seconds i n  du ra t ion ,  ga ins  5254 f p s ,  and i s  preceded by a 3-secondY 
four- j e t  u l l age .  

The SPS-6 and t h e  SPS-7 are o r b i t  shaping and a d j u s t i n g  maneuvers 
i n  prepara t ion  f o r  d e o r b i t .  
which w i l l  exe rc i se  t h e  s h o r t  burn l o g i c .  The r e s u l t i n g  apogee and 
per igee  a r e  131 n.  m i .  and 97 n .  m i . ,  r e s p e c t i v e l y .  The SPS-7 i s  a 
6-second burn which ga ins  156 f p s .  
95-n. m i .  o r b i t .  Both maneuvers are preceded by a 20-secondy two-jet  
RCS u l l a g e  and are r e t a r g e t e d  t o  t h e  nominal apogee a l t i t u d e ,  pe r igee  
a l t i t u d e ,  and r i g h t  ascension of t h e  ascending node, 

The SPS-6 i s  a 2.6-second burn of 65 f p s  

It  r e s u l t s  i n  a 215-n. m i .  by 

The eighth SPS burn i s  t h e  deo rb i t  maneuver. I t  c o n s i s t s  of a 
20-secondy two-jet RCS u l l a g e ,  and a 12-second SPS burn t h a t  ga ins  
314 fps .  Desired i n e r t i a l  v e l o c i t y  magnitude and f l i g h t - p a t h  ang le  
were t h e  r e t a r g e t i n g  c r i t e r i a  i n  t h e  Monte Carlo s imula t ion .  Af t e r  
t h e  SPS-8, t h e  spacec ra f t  c o a s t s  t o  an a l t i t u d e  of 400 000 f t  ( e n t r y  
i n t e r f a c e ) .  

Error Sources 

The launch v e h i c l e  covariance mat r ix  f o r  Apollo 9 w a s  not a v a i l a b l e  
a t  t he  time of t h i s  a n a l y s i s .  The l u n a r  l and ing  mission covariance mat r ix  
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be fo re  t h e  second t r a n s l u n a r  i n j e c t i o n  oppor tuni ty  ( r e f .  5) w a s  
considered t o  be r e p r e s e n t a t i v e  and w a s  used i n s t e a d .  The MSFN 
covariance mat r ices  of t r ack ing  u n c e r t a i n t i e s  and t h e  PGNCS covariance 
mat r ices  of rendezvous r a d a r  t r ack ing  u n c e r t a i n t i e s  are  contained 
i n  r e fe rence  6. Navigation update mat r ices  v a l i d  a t  t h e  t i m e  of burn 
i n i t i a t i o n  f o r  t h e  o t h e r  burns were obtained from re fe rences  7 and 8 .  

c Performance, p la t form,  and t h r u s t  m i s t r i m  e r r o r s  came from 
re fe rences  4 and 9 .  
p la t form e r r o r s  were considered s t a t i c  during t h e  rendezvous. A 
l i s t  of t h e  e r r o r  va lues  i s  given i n  appendix B. Reference 10 provided 
t h e  p la t form alinement times. Thrust t a i l o f f  w a s  not s imulated f o r  
t h e  rendezvous maneuvers, bu t  w a s  considered f o r  t h e  o t h e r s .  

They were considered random with one except ion:  
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ANALYSIS OF RESULTS 

This  s e c t i o n  p resen t s  a d iscuss ion  of t h e  r e s u l t s  at each major 
event i n  the mission.  A t a b l e  which l i s t s  o r b i t a l  parameters and 
powered f l i g h t  c h a r a c t e r i s t i c s  i s  presented  f o r  each maneuver. For 
t h e  rendezvous, t a b l e s  a r e  given which p resen t  t h e  PGNCS, MSFN, and 
a c t u a l  so lu t ions  and t h e i r  e r r o r s  and expected d i f f e r e n c e s .  Differen-  
t i a l  height  information i s  given f o r  t h e  i n s e r t i o n  and CDH maneuvers. 
For t h e  rendezvous phase,  t h e  e r r o r  i n  a s o l u t i o n  i s  t h e  d i f f e r e n c e  
between t h a t  s o l u t i o n  and t h e  s o l u t i o n  based on t h e  a c t u a l  s ta te  v e c t o r .  
The expected d i f f e r e n c e  i s  t h e  d i f f e r e n c e  between t h e  PGNCS s o l u t i o n  
and t h e  MSFN s o l u t i o n .  
ence 11.) 
t h e  V r e s idua l s  a r e  given i n  appendix A .  

( A  f u r t h e r  explana t ion  i s  presented  i n  refer- 
Def in i t i ons  of t h e  coord ina te  systems of t h e  AV gained and 

g 

SPS-1 Maneuver 

Both p re -  and postburn o r b i t a l  s t a t i s t i c s  and maneuver summary 
information f o r  t h e  SPS-1 a r e  presented  i n  t a b l e  I .  A mean burn dura- 
t i o n  of 5.09 seconds and a 3a dev ia t ion  of 0.95 second could r e s u l t  i n  
a 6.04-second burn which would not e x e r c i s e  t h e  s h o r t  burn l o g i c  i n  t h e  
onboard computer. A l a r g e  p a r t  of t h e  burn t i m e  dev ia t ion  i s  caused by 
r e t a r g e t i n g  t o  cons t r a in  t h e  est imated apogee t o  wi th in  1 n .  m i .  of i t s  
nominal value.  
t h e  durat ion t o  exac t ly  5 seconds.  

I n  real t i m e ,  a s h o r t  burn w i l l  be  assured  by l i m i t i n g  

The following SPS burns would f ine- tune  t h e  o r b i t .  A t a l l y  of 

This  r e t a r g e t i n g  adds t o  t h e  a c t u a l  AV d i s p e r s i o n s ,  and 
t h e  Monte Carlo cyc les  shows t h a t  t h e  SPS-1 w a s  r e t a r g e t e d  i n  54 percen t  
of t h e  cycles .  
t h e  30 ac tua l  t o t a l  AV dev ia t ion  i s  6.98 f p s .  

dev ia t ion  of 1.88 f p s  i s  due p r imar i ly  t o  t h e  t h r u s t  m i s t r i m .  

The 3a V r e s i d u a l  
Q 

SPS-2 Maneuver 

The maneuver summary f o r  t h e  SPS-2 i s  given i n  t a b l e  11. Because 
t h e  SPS-1 i s  a ho r i zon ta l  posigrade maneuver executed c l o s e  t o  pe r igee  
t o  r a i s e  apogee a l t i t u d e ,  apogee a l t i t u d e  i s  s e n s i t i v e  t o  e r r o r s .  The 
r e t a r g e t i n g  of t h e  SPS-2 i s  an at tempt  t o  achieve  t h e  nominal apogee 
a l t i t u d e ,  and, by doing t h i s ,  a 3a a c t u a l  AV 

r e s u l t s .  The a c t u a l  t o t a l  AV dev ia t ion  i s  2.68 f p s  ( 3 u ) ,  and t h e  30 
burn t ime devia t ion  i s  1.18 seconds.  The SPS-2 burn i s  r e t a r g e t e d  Only 

d e v i a t i o n  of 4.83 fps  
X 
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c 

c 

30 percent  of t h e  t ime.  The l a r g e s t  AV component i s  AV and t h u s  t h e  

e f f e c t  of 4 .83  f p s  AVx 3a devia t ion  i s  diminished i n  t h e  t o t a l  30 

dev ia t ion  of 2.68 f p s .  

Y ’  

SPS-3 Maneuver 

Maneuver summary information f o r  t h e  SPS-3 i s  presented  i n  t a b l e  111. 
The SPS-3 i s  r e t a r g e t e d  20 percent  of t h e  t i m e .  The 30 t o t a l  AV dev ia t ion  
i s  5 .96  f p s  wi th  a 30 burn durat ion d i spe r s ion  of 2.97 seconds.  
t h e  burn i s  executed c l o s e  t o  per igee  a l t i t u d e ,  t h e  l a r g e s t  d i spe r s ions  
are a t  apogee a l t i t u d e .  Af te r  the  maneuver, t h e  apogee a l t i t u d e  un- 
c e r t a i n t y  i s  4 . 4 1  n .  m i .  ( 3 0 ) ,  and t h e  pe r igee  a l t i t u d e  u n c e r t a i n t y  i s  
1 . 1 4  n.  m i .  ( 3 a ) .  

Because 

SPS-4 Maneuver 

Both pre- and postburn and maneuver s t a t i s t i c s  f o r  t h e  SPS-4 are 
contained i n  t a b l e  I V .  The 30 burn dura t ion  dev ia t ion  of 0 .31 second 
and a c t u a l  AV dev ia t ion  of 1 . 6 4  fps  a r e  q u i t e  small. 
f o r  t h e  small va lues  i s  t h a t  SPS-4 i s  r e t a r g e t e d  less  than  1 percent  of 
t h e  t i m e .  The f i r s t  t h r e e  SPS burns a r e  a l l  r e t a r g e t e d  t o  t h e  nominal 
apogee a l t i t u d e ,  pe r igee  a l t i t u d e ,  and r i g h t  ascension of t h e  ascending 
node. Thus, by t h e  t i m e  of t h e  SPS-4, t h e  o r b i t  i s  nea r ly  nominal ac- 
cording t o  t h e  es t imated  state.  To provide f o r  a r e t u r n  t o  t h e  nominal 
l i g h t i n g  condi t ions  i n  r e a l  t ime,  t h e  SPS-4 w i l l  be  t a r g e t e d  t o  compen- 
sate  f o r  accumulated pe r iod  d i f f e rences  t h a t  r e s u l t  from previous maneuver 
d i s p e r s i o n s .  The 3a preburn devia t ions  given i n  t a b l e  I V  r e s u l t  from 
naviga t ion  u n c e r t a i n t i e s  and r e t a r g e t i n g  t o l e r a n c e s .  Performance and 
IMU e r r o r s  during t h e  burn increase  t h e  dev ia t ions  s l i g h t l y .  

The primary reason 

DPS 

Maneuver summary information f o r  t h e  docked DPS burn i s  presented  
i n  t a b l e  V .  I n  t h e  s imula t ion ,  t h e  maneuver w a s  cu t  of f  on a V remaining 

t h a t  corresponded t o  a guidance time-to-go of 4 seconds. A s  a r e s u l t ,  t h e  
V r e s i d u a l  dev ia t ions  a r e  qu i t e  s m a l l ,  and t h e  burn t ime dev ia t ion  i s  

l a r g e ,  15.05 seconds ( 3 0 ) .  Because t h e  burn i s  not r e t a r g e t e d ,  o r b i t a l  
dev ia t ions  inc rease  during t h e  maneuver. It  w a s  not  r e t a r g e t e d  because 
t h e  e x t e r n a l  AV t a r g e t s  have been b i a sed  t o  in su re  t h a t  t h e  crewman w i l l  
s h u t  off t h e  engine manually. The l a t e s t  a v a i l a b l e  Apollo 9 DPS engine 
data  w a s  used i n  t h e  s imula t ion  ( r e f .  4 ) .  Thrust  va lues  and weight flow 
rates  a r e  l a r g e r  t han  t h e  values used i n  t h e  OT. 
burn du ra t ion  i n  t h e  OT i s  364 seconds, whereas i n  t h e  s imula t ion  it i s  

g 

g 

Consequently, t h e  nominal 
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353 seconds. A per turbed  t h r u s t  during t h e  maneuver should cause no 
problem because t h e  crewman te rmina tes  it on a s p e c i f i e d  guidance t i m e -  
t 0-go . 

SPS-5 Maneuver 

The SPS-5 maneuver summary i s  presented  i n  t a b l e  V I .  True anomaly 
i s  meaningless upon execut ion of t h e  c i r c u l a r i z a t i o n  maneuver. The 
SPS-5 was r e t a r g e t e d  75 percent  of t h e  t i m e ,  l a r g e l y  because of d i spe r -  
s ions  from t h e  DPS burn s i n c e  it w a s  no t  r e t a r g e t e d .  Because t h e  SPS-5 
i s  t h e  l a s t  maneuver which can provide proper  rendezvous l i g h t i n g  and 
phasing,  it w i l l  be  r e t a r g e t e d  i n  rea l  t i m e ,  i f  r equ i r ed ,  t o  compensate 
f o r  SPS-4 and DPS d i s p e r s i o n s .  This  compensation i s  not  r e f l e c t e d  i n  
t h e s e  resu l t s  because it w a s  not necessary t o  do s o  i n  t h e  s imula t ion  
set-up. 
dev ia t ion  i s  0.83 second. 

The 3a a c t u a l  AV dev ia t ion  i s  9.44 f p s ,  and t h e  burn du ra t ion  

Separa t ion  and Phasing Maneuvers 

No so lu t ion  s t a t i s t i c s  are presented  on t h e  sepa ra t ion  and phasing 
maneuvers because they  are p r e s p e c i f i e d .  Thei r  maneuver summaries are 
presented  i n  tables V I 1  and V I I I .  
a f te r  t h e  phasing maneuver i s  c l o s e  t o  t h e  nominal va lue  of -20 057 f t ,  
and t h e  s tandard dev ia t ion  of 6507 f t  makes t h e  p r o b a b i l i t y  of r econ tac t  
extremely small ,  even i n  t h e  presence of a 0.6 f p s  ( 3 u )  s t a t ionkeep ing  
uncer ta in ty .  

The mean c l o s e s t  point-of-approach 

TPI Maneuver 0 

The TPI  maneuver i s  executed only i n  case  of a b o r t s  from t h e  
0 

nominal rendezvous sequence. Actua l ,  PGNCS, and MSFN s o l u t i o n s ,  as 
w e l l  as the  expected d i f f e r e n c e  and t h e  e r r o r  i n  t h e  PGNCS and MSFN 
s o l u t i o n s ,  are presented  i n  t a b l e  I X .  P re l iminary  mission r u l e s  s ta te  
t h a t  t h e  expected d i f f e r e n c e  between t h e  PGNCS and MSFN TPIO s o l u t i o n s  

should not be g r e a t e r  t han  t2 f p s  i n  each component and 24 minutes i n  

i g n i t i o n  t i m e .  

17.64 fps ,  and t h e  30 i expected d i f f e r e n c e  i s  2.34 f p s .  
components are v a l i d ,  a l though they  exceed t h e  suggested l i m i t s .  
l a r g e  devia t ions  are c o r r e l a t e d  t o  t h e  3a t i m e  s l i p  of 3.5 minutes .  
Increases  i n  t h e  al lowable d i f f e r e n c e s  from t2 f p s  t o  t20 f p s  f o r  

Z and from t2 f p s  t o  t 3  f p s  f o r  ? a r e  recommended t o  avoid t h e  e l imina t ion  
of v a l i d  so lu t ions .  

A s  seen i n  t a b l e  I X ,  t h e  3a i expected d i f f e r e n c e  i s  

Both of t h e s e  
These 
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I n s e r t i o n  Maneuver 

c 

. 

c 

The maneuver summary f o r  t h e  i n s e r t i o n  maneuver i s  presented  i n  
t a b l e  X.  The PGNCS, MSFN, and a c t u a l  s o l u t i o n s ,  t h e  e r r o r  i n  t h e  solu- 
t i o n s ,  and t h e  expected d i f fe rences  for t h e  i n s e r t i o n  maneuver a r e  
Fresented i n  t a b l e  X I .  The e r ro r s  and t h e  expected d i f f e r e n c e s  are 
q u i t e  s m a l l .  D i f f e r e n t i a l  a l t i t u d e  information i s  given i n  t a b l e  X I I .  
The mean va lues  f o r  t h e  maximum and minimum d i f f e r e n t i a l  a l t i t u d e s  of 
-11.06 and -11.36 n. m i .  match the  nominal va lues  of -11.07 and 
-11.34 n.  m i .  very w e l l .  Three-sigma dev ia t ions  of  0.36 and 0.30 n.  m i .  
f o r  maximum and minimum AH and 0.24 n.  m i .  f o r  AAH are s m a l l  and v i o l a t e  
no l i m i t s .  

CSI Maneuver 

The maneuver summary f o r  t h e  CSI i s  presented  i n  table  XIII. The 
PGNCS, MSFN, and a c t u a l  so lu t ions ,  t h e  e r r o r  i n  t h e  s o l u t i o n s ,  and t h e  
expected d i f f e r e n c e  f o r  CSI a r e  presented i n  t a b l e  X I V .  

s o l u t i o n s  are obtained because CSI i s  cons t ra ined  t o  be h o r i z o n t a l .  
The PGNCS e r r o r s ,  MSFN e r r o r s ,  and t h e  expected d i f f e r e n c e  are a l l  
small. 

Only AVx 

CDH Maneuver 

The maneuver information f o r  t h e  CDH i s  presented  i n  t a b l e  X V .  
A s  w a s  t h e  TPIO, t h e  CDH i s  a v a r i a b l e  t i m e  maneuver, and t h e  3a t ime 

dev ia t ion  of 32.31 seconds r e s u l t s  i n  a 30 i expected d i f f e r e n c e  of 
3.27 f p s ,  as shown i n  t a b l e  XVI. Because t h e  e r r o r  i n  PGNCS CDH t i m e  
i s  more than  twice t h a t  of t h e  MSFN CDH t i m e ,  it can be concluded t h a t  
t h e  t iming e r r o r  r e s u l t s  from i n s u f f i c i e n t  and r e l a t i v e l y  long-dis tance 

rendezvous r ada r  t r ack ing .  I n  l i g h t  of t h e  30 i expected d i f f e r e n c e  of 
3.27 f p s ,  t h e  al lowable l i m i t  should probably be changed t o  5 f p s .  D i f -  
f e r e n t i a l  a l t i t u d e  information i s  presented  i n  t a b l e  X I I .  The mean 
maximum and minimum d i f f e r e n t i a l  a l t i t u d e s  of 10.23 and 10.03 n.  m i .  
ag ree  very  w e l l  wi th  t h e  nominal va lues  of 10.22 and 10.04 n.  m i .  
3a dev ia t ions  of 0.81 and 0.84 n. m i .  are small. CDH c o e l l i p t i c i z e s  
t h e  o r b i t  as evidenced by a 30 AAH of 0.15 n.  m i .  

The 

TPI Maneuver 

The maneuver summary f o r  TPI i s  presented  i n  t a b l e  XVII. The PGNCS, 
MSFN and a c t u a l  s o l u t i o n s ,  e r ro r s  i n  t h e  PGNCS and MSFN s o l u t i o n s ,  and 
t h e  expected d i f f e r e n c e  f o r  t h e  TPI maneuver are given i n  t a b l e  XVIII. 
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The TPI t a r g e t i n g  i s  based on a 130' c e n t r a l  t r a n s f e r  angle .  It i s  a 
v a r i a b l e  time maneuver, and t h e  30 dev ia t ion  of 4 minutes 7 .5  seconds 
v i o l a t e s  t h e  l i g h t i n g  c o n s t r a i n t  l i m i t  of 3 minutes 30 seconds.  The 
problem can be a l l e v i a t e d  by use  of t h e  t ime opt ion  in s t ead  of t h e  
e l eva t ion  angle opt ion  i n  t h e  TPI program f o r  t hose  cases  t h a t  v i o l a t e  
t h e  c o n s t r a i n t .  

Midcourse Correc t ion  Maneuvers 

Although t h e  f i rs t  midcourse c o r r e c t i o n  i s  nominally zero i n  t h e  
opera t iona l  t r a j e c t o r y ,  a nominal AV of 1.39 f p s  i s  c a l c u l a t e d  by t h e  
PGNCS. The mean i s  2.04 f p s  wi th  a 3a dev ia t ion  of 3.15 f p s .  
second midcourse co r rec t ion  i s  a l s o  nominally zero.  It has a mean of 
1.76 f p s  with a 30 dev ia t ion  of 3.09 f p s .  Calcu la ted  A V ' s  of less  than  
1 f p s  are not executed, and t h e  s t a t i s t i c s  are based on those  maneuvers 
t h a t  were executed. Data f o r  both midcourse co r rec t ions  a r e  given i n  
t a b l e  X I X .  The cu r ren t  p l an  i s  t o  burn out t h e  V one component a t  a 

t i m e .  This p l an  r e s u l t s  i n  l a r g e r  AV mean and 3a va lues  than  burning 
along t h e  V vec tor  would. 

The 

g 

g 

TPF 

The mean d i s t a n c e  of c l o s e s t  approach a f t e r  t h e  midcourse correc-  
t i o n s  i s  33 f t  wi th  a 30 dev ia t ion  of 729 f t .  The g r e a t e s t  p a r t  of 
t h i s  d i spers ion  probably i s  due t o  t h e  f a i l u r e  t o  execute  t h e  second 
midcourse co r rec t ion  i f  it i s  less  than  1 f p s .  The d a t a  for t h e  TPF 
a r e  summarized i n  t a b l e  X I I .  

APS Burn-to-Depletion Maneuver 

Maneuver summary information on t h e  APS burn t o  dep le t ion  i s  con- 
t a i n e d  i n  t a b l e  XX. 
dev ia t ion  of 261 f p s .  
nominal end-of-burn weight.  The postburn weight dev ia t ion  of 1 .3  l b  
i s  wi th in  the  noise  of t h e  c a l c u l a t i o n s .  It  can be seen i n  t a b l e  XX 
t h a t  t h e  ex te rna l  AV t a r g e t s  have been b i a s e d  s u f f i c i e n t l y  t o  guarantee  
dep le t ion  of t h e  APS p r o p e l l a n t .  Because it i s  a long burn and because 
it i s  terminated on p rope l l an t  d e p l e t i o n ,  t h e  d i s p e r s i o n s  are l a r g e .  
The maneuver i s  performed a t  pe r igee  a l t i t u d e ,  which produces t h e  
g r e a t e s t  e r r o r  a t  apogee a l t i t u d e .  The 30 apogee a l t i t u d e  d e v i a t i o n  
i s  253 n .  m i . ,  and t h e  pe r igee  a l t i t u d e  d e v i a t i o n  i s  0 .3  n .  m i .  The 
30 i n e r t i a l  v e l o c i t y  magnitude dev ia t ion  i s  199 f p s .  Although t h e s e  
a r e  l a r g e  dev ia t ions ,  they  p resen t  no cause for concern i n  t h e  r e s u l t i n g  
o r b i t  (3249 by 126 n. m i .  ) . 

This  i s  a l a r g e  maneuver of 5251 f p s  wi th  a 30 
I n  t h e  s imula t ion ,  t h e  burn w a s  cu t  o f f  on t h e  - 



13 

SPS-6 Maneuver 

. 

The maneuver summary f o r  t h e  SPS-6 i s  presented  i n  t a b l e  X X I .  The 
e f f e c t  of t h e  burn i s  t o  reshape the  o r b i t  from 135 by 129 n .  m i .  t o  
130 by 97 n. m i .  By t h i s  reshaping,  t h e  30 apogee a l t i t u d e  dev ia t ion  
i s  increased  from 2.25 n.  m i .  t o  2.87 n.  m i .  Per igee  a l t i t u d e  dev ia t ion  
decreases  from 6.26 n.  m i .  t o  2.72 n.  m i .  
t a r g e t i n g ,  t h e  a c t u a l  A V  devia t ion  i s  5.19 f p s .  The nominal V r e s i d u a l  

i s  -2.69 f p s  because t h e  burn i s  performed by use  of t h e  s h o r t  burn l o g i c .  

Chief ly  as t h e  r e s u l t  of re- 

gx 

SPS-7' Maneuver 

Both pre- and postburn s t a t i s t i c s  f o r  t h e  SPS-7 burn a r e  given 
i n  table  XXII. It i s  a ho r i zon ta l ,  posigrade maneuver which raises 
apogee a l t i t u d e  t o  215 n .  m i .  and r a i s e s  per igee  a l t i t u d e  t o  95 n.  m i .  
The 30 apogee postburn dev ia t ion  is  2.93 n.  m i .  The 30 per igee  post-  
burn dev ia t ion  i s  3.93 n .  m i . ,  which i s  probably caused by t h e  5-n. m i .  
r e t a r g e t i n g  t o l e r a n c e .  The a c t u a l  AV dev ia t ion  i s  5 .46  f p s  ( 3 a ) .  
T a i l o f f  accounts f o r  t h e  V r e s i d u a l  dev ia t ion  of 3.10 f p s  ( 3 a ) .  

gx 

SPS-8 Maneuver 

The deorb i t  burn (SPS-8) s t a t i s t i c s  are contained i n  t a b l e  X X I I I .  
Because t h e  r e t a r g e t i n g  to l e rance  is 10 f p s  f o r  v e l o c i t y  magnitude and 
0.03' f o r  f l i gh t -pa th  angle ,  t h e i r  30 dev ia t ions  of 21.02 f p s  and 0.24', 
r e s p e c t i v e l y ,  are l a r g e l y  t h e  r e s u l t  of naviga t ion  u n c e r t a i n t i e s .  Per igee  
a l t i t u d e  dev ia t ion  inc reases  t o  15.57 n. m i .  ( 3 a ) ,  because it i s  not  
cons t r a ined  by t h e  r e t a r g e t i n g  and because t h e  maneuver i s  performed 
near  apogee a l t i t u d e .  The a c t u a l  AV dev ia t ion  i s  27.72 f p s  ( 3 0 ) .  

Entry I n t e r f a c e  

A coas t  t o  400 000-ft a l t i t u d e  occurs  a f t e r  t h e  deo rb i t  burn.  A 
summary of t h e  dev ia t ions  i s  given i n  t a b l e  XXIV. The 3a dev ia t ion  
of 336 seconds f o r  coas t  t ime r e s u l t s  from t h e  uncont ro l led  a l t i t u d e  
dur ing  t h e  deo rb i t  burn.  Even with such a dev ia t ion ,  t h e  coas t  t i m e  
i s  never l e s s  t han  t h e  r equ i r ed  10 minutes .  The u n c e r t a i n t i e s  i n  t h e  
p r e d i c t e d  landing s i t e  po in t  i n  t a b l e  XXIV are t r a n s l a t e d  i n t o  a down- 
range  landing  e r r o r  of 4 .2  n.  m i .  ( 3 0 )  and a cross-range landing  e r r o r  
of 6 .8  n .  m i .  (3 )  i n  r e fe rence  12. 

A p rope l l an t  summary f o r  the  maneuvers which were s imulated i s  pre- 
s en ted  i n  t a b l e  xxv. The 30 devia t ions  are w e l l  w i th in  t h e  al lowable 
budgets .  
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CONCLUSIONS 

This  document has  presented  r e s u l t s  0, a Monte Carlo d i s p e r s i o n  
a n a l y s i s  of t h e  Apollo 9 mission.  
t h e  ana lys i s  o f  t h e  d a t a  a r e  l i s t e d  below. 

Conclusions which ha-vre been drawn from 

1. The rendezvous i s  accomplished very accu ra t e ly .  D i f f e r e n t i a l  
he ight  devia t ions  af ter  i n s e r t i o n  and CDH a r e  w e l l  w i th in  t o l e r a b l e  
limits. 
mean and s tandard dev ia t ion  of t h e  c l o s e s t  point-of-approach after 
t h e  second midcourse c o r r e c t i o n  are -33 f t  and 243 f t ,  r e s p e c t i v e l y .  

The midcourse co r rec t ions  r equ i r ed  a f t e r  TPI are s m a l l ,  and t h e  

2. Several  expected d i f f e rences  i n  t h e  PGNCS and MSFN s o l u t i o n s  
f o r  t h e  rendezvous maneuvers exceed t h e  c u r r e n t  l i m i t s .  
have suggested f o r  t hose  cases  t o  avoid e l imina t ion  of v a l i d  s o l u t i o n s .  

New l i m i t s  

3. The 3a TPI t i m e  s l i p  of +4 minutes 7.5 seconds v i o l a t e s  t h e  
l i g h t i n g  cons t r a in t  a s soc ia t ed  wi th  t h e  e a r l y  s o l u t i o n  of  3 minutes 
30 seconds. The p r o b a b i l i t y  of such a s o l u t i o n  i s  extremely low and 
should cause no concern.  The l i g h t i n g  c o n s t r a i n t  t i m e  s l i p  has  been 
changed t o  4 minutes i n  t h e  Rendezvous Techniques Document ( r e f .  1 3 ) .  

4. With t h e  r e t a r g e t i n g  c r i t e r i a  and parameters used i n  t h i s  simu- 
l a t i o n ,  t he re  i s  a very small p r o b a b i l i t y  t h a t  t h e  SPS-1 w i l l  not  be a 
shor t  burn.  I n  r ea l  t ime ,  it w i l l  be  forced  t o  be s h o r t .  The fol lowing 
maneuver could be r e t a r g e t e d  t o  r e t u r n  t o  t h e  nominal s i t u a t i o n .  

5 .  The d i spe r s ions  fol lowing t h e  APS burn t o  dep le t ion  are l a r g e ,  
but should not be a problem i n  t h e  3248- by 126-n. m i .  o r b i t .  The ex- 
t e r n a l  AV t a r g e t s  have been b iased  s u f f i c i e n t l y  t o  i n s u r e  p r o p e l l a n t  
dep le t ion .  

6.  The dev ia t ions  a t  400 000-ft a l t i t u d e  ( r e e n t r y  i n t e r f a c e )  are 
They r e s u l t  i n  a 3a down-range landing  e r r o r  of 4 .2  n .  m i .  and small. 

a cross-range landing e r r o r  of 6.8 n .  m i .  Both are considered accep tab le .  

7 .  Propel lan t  dev ia t ions  f o r  t h e  maneuvers which were s imulated 
are wi th in  t h e i r  budgets.  

In  summary, t h e r e  a r e  no unreasonable  d i s p e r s i o n s  a s s o c i a t e d  wi th  
There a r e  no t r a j e c t o r y  d i s p e r s i o n s  which would t h e  Apollo 9 mission.  

compromise t h e  success fu l  completion of t h e  miss ion ,  wi th  t h e  except ion  
of t h e  previously mentioned minor changes. Seve ra l  minor updates  i n  t h e  
opera t iona l  t r a j e c t o r y  a r e  documented i n  a r e v i s i o n  (18-second, f o u r - j e t  
RCS u l l ages  f o r  SPS-4 and SPS-5 and r e v i s e d  e x t e r n a l  AV t a r g e t s  f o r  t h e  
DPS). These changes w i l l  not  have a s i g n i f i c a n t  e f f e c t  on t h e s e  r e s u l t s .  
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TABLE 1X.- EVALUATION OF SOLUTIONS FOR !PIo MANEUVERa 

I .  

. 

PGNCS s o l u t i o n  at PGNCS t i m e  

MSFN s o l u t i o n  a t  MSFN time 

Actual  s o l u t i o n  at  PGNCS 
t ime 

Actual  s o l u t i o n  3t MSFN 
t ime  

Actual  s o l u t i o n  at. a c t u a l  
t ime  

Error i n  PfNCS s o l u t i o n  

Er ro r  i n  MSFN s o l u t i o n  

Expected d i f f e r e n c e  between 
PGNCS and MSFN s o l u t i o n  

- 

P a r m e t  e r  

A”,:’ f P s  

AVy, fPs  
AVz’ fps 

“V,, fps 

To ta l  hV, f p s  
T i m - ,  hr :min:sec 

nv f p s  
Y’ 

bTJz, f p s  

To ta l  A V ,  f p s  
Time, hr :min:sec 

AVx’ f p s  

AVY’ fPs 
A V z ,  f p s  

T o t a l  A V ,  f p s  
Time, hr :min:sec 

AVx. fps  
bV f p s  

Y ’  
AVz’ fps  
T o t a l  A V ,  f p s  
Time 

AVx’ fps  

AVY’ fF 
bVz’ fps  
To ta l  A V ,  f p s  
Time 

AVx, f p s  

AVY’ fPS 

AVz’ fps  
T o t a l  A V ,  f p s  
Time, s e c  

AV,, fps  

AVY’ fP9 
bVz’ fps  

T o t a l  AV, fps  
Time, s ec  
AVx, f p s  

AVy’ fps  

A V z ,  f p s  
T o t a l  AV, f p s  
Time, s e c  

~~ 

Mean 

-18.07 
-.19 
5.92 

19.80 
95 : 0 0 :  26 

-18.03 
-.22 
6.52 

20.31 
95 : O O :  33 

-18.07 
-.25 
6 .oh 

19.67 
95: 00 :27 

-18.03 

-.25 
6.47 

19.87 

-18.08 
-.25 
6.06 

19.68 

- .008 

.059 

-- 

-- 

-.13 
.13 

-.79 
- .0005 

.04 

.05 

.44  
5.80 
-.Ob 

.02 
-.60 

-6.61 
-.51 

aNominal cond i t ions :  AV,. f p s  . . . . . . . . . . .  
nvy, f p s  . . . . . . . . . . .  
nvz, f p s  . . . . . . . . . . .  

30 

.51 
1.74 

17.49 
5.85 

2:52.8 

.90 
2.19 

21.75 
8.58 

.66 

.99 
15.54 

5.25 
2:38.7 

I :12.57 

1.71 

.99 
17.31 

7.17 

.45 

.99 
15.33 

5.07 

.36 
1.U 

5.52 
1.86 

59.70 

-- 

-- 

2.19 

1.92 
8.15, 

2.64 
199.50 

.84 
2.34 

17.64 
7.47 

210.00 

-18.13 
-.e7 
5.88 

Total  A V ,  f’ps . . . . . . . .  19.06 
Time, hr:min:sec . . . . . . .  95:00:26 
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TABLE XI.- EVALUATION OF SOLUTIONS FOR I N S E R T I O N  MANEWER” 

PGNCS so lu t ion  

MSFN so lu t ion  

Actual so lu t ion  

Error i n  PGNCS so lu t ion  

Error i n  MSFN so lu t ion  

. 

Parameter Mean 

AVx, fps  39.83 
AV f p s  0.00 Y= 
A V Z ,  fps  1 .63 
To ta l  AV,  fps  39.87 

AVx, fps  39.90 
AVY, fps 0.00 

AVZ’  fps  1.47 
To ta l  AV, fps  39.93 

A\‘x’ fps  39.83 

AVZ’  fps  1.64 
To ta l  AV,  fps  39.86 

AVX’ fps  .0007 

AVy, fps .oo 
A V Z ,  fPS -.01 

AVx, fps - .002 

AVY, fps  0.00 

T o t d l  AV, fps  .oo 

. 

AV fps  
Y’ 

A V Z ’  fps  

T o t a l  AV, fps  

.oo 
.001 

-.002 

Expected d i f fe rence  i n  PGNCS 
and MSFN so lu t ions  

AVx, fps  - .077 
AVy, fps . 00 

A V Z ,  fps .16 
To ta l  AV, fps  .07 

30 

.54 

. 00 

2.01 

.54 

.54 

. 00 

1.95 
.54 
.39 
. 00 

1.95 
.39 
.33 
.oo 
.51 
.33 
.36 
. 00 

.27 

.36 

.51 

.oo 

.60 

.51 

aNominal condi t ions:  AVx, fps  . . . . . . . . . . . . 39.82 
0.00 AVy, fps  

AVZ,  fps . . . . . . . . . . . . 1.70 

. . . . . . . . . . . . 

Tota l  AV, fps  . . . . . . . . . . 39.85 
Timeb ,  hr:min:sec . . . . . . . . 95:41:41 

b T i m e  of  maneu-rer i s  fixed. 
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TABLE X I 1 . -  ACTUAL V A R I A T I O N  I N  AH, TPI TIME, 

AND CLOSEST POINT-OF-APPROACH 

Par  meter 

Closest  po i n t  -of - appr aoch 
a f t e r  phasing maneuver 
( C P A )  , f t  

Maximum AH a f te r  i n s e r t i o n  
maneuver, n .  m i .  

Minimum AH a f t e r  i n s e r t i o n  
maneuver, n .  m i .  

Var ia t ion  i n  AH ( A A H )  
a f t e r  i n s e r t i o n  maneuver, 
n. m i .  

Maximum AH a f t e r  CDH 
maneuver, n .  m i .  

Minimum AH af ter  CDH 
maneuver, n .  m i .  

Var ia t ion  i n  AH ( A A H )  
a f t e r  CDH maneuver, 
n .  m i .  

TPI  t i m e ,  
hr:min:sec ( g . e . t . )  

Closest  point-of-approach 
a f t e r  second midcourse 
cor rec t ion  (MCC-2), f t  

Time of c l o s e s t  point-of- 
approach a f t e r  MCC-2, 
h r  : min : sec  ( g . e .  t . ) 

Nominal 

-20057 

-11.07 

-11.34 

.27 

10.22 

10.04 

.18 

97 : 59: 20 

-127 

98: 31: 33 

Mean 

-19963 

-11.06 

-11.36 

.30 

10.23 

10.02 

.20 

97 : 59: 28 

-33 

98 : 3 ~ 4 4  

30 

19521 

.36 

.30 

.24 

.81 

.84 

.15 

247.5 

7 29 

246.9 
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. 00 

.oo 
37.90 

.004 

. 00 

* 00 

.004 

.004 

.oo 

.oo 
.004 

-.13 
.oo 

TABLE XIV.-  EVALUATION OF SOLUTIONS FOR CSI MANEUVER’ 

.00 

.00 

1..53 

.60 

.oo 

.oo 

.GO 

. 5 1  

.oo 

. 00 

.51. 

.81 

. 00 

PGNCS solu t ion  

MSFN solu t ion  

Actual so lu t ion  

Error i n  PGNCS so lu t ion  

Er ro r  i n  MSFN solu t ion  

Expected d i f fe rence  i n  PCNCS 
and MSFN so lu t ion  

Parameter 
~ 

AVx, fPS 

AVZ’  fps  

AVx. fps  

AVz’ fPS 

AV fps  
Y’ 

Total. AV, fps  

AIJ f p s  
Y’ 

Total AV, fps  

AVx, f p s  

AV f p s  
Y’ 

A V z ,  fps  

Total  AV,  f p s  

AVX, fps  

A V Z ,  fps  

AV f p s  
Y’ 

Total b V ,  fps  

AVX, f p s  

A V  f p s  Y’ 
A V z ,  fps  

Tota l  AV, f p s  

AVX. fPS 

AVZ’ fps  

bV f p s  
Y’ 

Total AV, fps  

37.90 1.65 
-37.77 1.62 

.oo 
37.77 I ::;: 

-37.90 

aNominal conditions : Allx ,  fps  . . . . . . . . . . . .  -37.90 

AV fps  . . . . . . . . . . . .  .00 
Y’ 

A V Z ,  fps  . . . . . . . . . . . .  .oo 
. . . . . . . . . .  Total AV,  f p s  37.90 

Timeb, hr:min:sec . . . . . . . .  96:22:00 

’Time of maneuver i s  f ixed .  
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TABLE XV1.- EVAI,UP.TIOX‘ OF SOLUTIONS FOR CDH MANEWSR’ 

PGNCS s o l u t i o n  a t  PGNCS t i 1  

EFN s o l u t i o n  at MSFN t ime  

Actual  s o l u t i o n  at. PGNCS 
t i m e  

Actual  s o l u t i o n  a t  MSFN 
time 

Er ro r  i n  PGNCS s o l u t i o n  

Error i n  MSFN s o l u t i o n  

Expected d i f f e rences  betwe 
PGNCS and MSFN so lu t ion :  

Parameter 

AVx’ fPS 

A V z ,  f p s  

AV fp s  
9’ 

Tota l  A V ,  f p s  
Time, hr :min:sec 

AVx’ fPS 

AVY, fps  

A V Z >  f p s  
T o t a l  A V ,  fps 
Time, hr :min:sec 

AVx, f p s  

AVY’ fps 

AVz. fPs 
T o t a l  A V ,  f p s  
Time, hr :min:sec 

AVx. f p s  

A V ” ,  fps  

bVy, fPs  

T o t a l  A V ,  fps  
Time, hr :min:sec 

AVx. f p s  

hVy , f?s 

T o t a l  A V ,  f p s  
Time, sec 

L V Z ’  f p s  

bVx’ fp s  

AvY3 fps 
A V z ,  f p s  

T o t a l  A V ,  f p s  
Time, sec 

A V X ,  f p s  

A V z ,  f p s  

AVy, f p s  

T o t a l  A V ,  f p s  
Time, sec 

Mean 

-37.9? 
.no 

- .45 

77.95 
37 :06: 52 

-37.73 
.oo 

-1.65 

37.77 
97:06:47 

-37.92 
.00 

-.46 

77.94 
97:06:52 

-37.74 

-1.64 
.oo 

37.77 
97 :06 :47 

-.01 

.0’3 

.01 

.013 

.036 

.038 

.oo 
- .009 
-. 005 

-.24 
-.20 

.oo 
1 .21  

.18 
5.31 

_- 
30 

2.19 
. 00 

3.60 
2.19 
43.8 - 
2.25 
. 00 

2.52 
2.31 
27.0 - 
2.16 
. 00 

3.45 
2.16 
43.8 
2.16 
. 00 

2.13 
2.19 
27.0 

.30 

. 00 

1.02 

.30 
28.20 

.96 

.oo 
1.29 

.99 
12.Q3 

.99 

. 00 

3.27 
1.02 

32.31 

- 

- 

- 

aNsminsl coqd i t ions :  AVx, f p s  . . . . .  . . .  -37 a96 
A V Y ’  f p s  . . . . . . . . . . . .  . 00 

A l l z ,  f p s  . . . . . . . . . . . .  -.31 

T o t a l  A l l ,  f p s  . . . . . . . . .  37.96 
Time, h r  :min : sec . . . . . . . .  97 :06 : 28 



a 
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V3FN s o l u t i o n  et MSFN t ime  

Actual  s o l u t i o n  a t  PGBCS 
t ime  

Actual  s o l u t i o n  a t  MSFN 
t ime  

Actual  s o l u t i o n  8t ac?ual  
t ime  

Error  i n  PGNCS s o l u t i o n  

Error  i n  MSFiV s o l u t i o n  

Expected d j  f f e r e n c e  between 
PGNCS and MSFN s o l u t i o n s  

a 

AVx, fPs 19.40 1.56 
-.23 .84 AVy’ fPS 

A V z ,  fps -10.31 1.80 
T o t a l  A V ,  fps 21.98 1.89 
Time, hr :min:sec 97:59:28 247.5 
AVx, fPS 19.36 1.77 

- .23 .84 
-10. 48 3.87 

A‘JY’ fps 
AVz, fPS 
Tota l  At‘ ,  fpe 22.06 2.10 
Time, h r  :nip : sec  97 : 59: 32 257.4 
AVx, fps l? .41 1.53 

-.23 .84 
AVz’ fPS - i n .  29 1.53 
T o t a l  AV, fps 21.17 1.89 
Time, hr :min:sec 97:59:27 246.3 
AVxI fps .001 .18 

AVy.  fps - .04 1.68 

AVz, fPs .03 1.56 
T o t a l  A V ,  fps - .OO? .69 
Time, s e c  .35 18.99 
AVx.  fPs .04 .81 

AVy. fps 

AVy’ fps .04 2.70 
AVz’ fps .18 3.27 

AVx. fPS - .005 .21 
AVy’ fPS 

‘Total A V ,  fps -.06 .93 
Time, s ec  3.60 67.23 

- .004 3.24 
AVz’ fPS .02 .81 
T o t a l  h V ,  fps -.02 .48 
Time, s ec  -3.25 69.211 

TABLE XVII1.- EVASUATIOH OF SOLUTIONS FOR TPI MANEUVERa 

PGNCS s o l u t i o n  at PGNCS t i n e  ---I 
Parameter 

AVx’ fPS 

AVy’ fps 

AVZ. fps 

AVx, fps 

AVY, fPS 
A V z ,  fPS 

T o t a l  AV, fps 
Time, h r :n in : sec  

T o t a l  AV, fps 
Time, hr :min:sec 

Mean 

19.40 
- .27 

-10.29 
21.97 

97 : 59 :28 
19.47 
-.21 

-10.31 
21.99 

1 97:59:32 

30 

1.53 
1.92 
1.53 
1.92 
21’7.5 
1.50 
2.88 
1.56 
1.86 
257.4 

aNoninal c o n d i t i m s :  AVx. fps . . . . . . . . . . . . . .  19.43 
hVy, fps . . . . . . . . . . . . . .  - .23 

A V z ,  fps . . . . . . . . . . . . . .  -10.32 
T 3 t a l  A V ,  fps . . . . . . . . . . .  22.00 
Time, hr :min:sec . . . . . . . . . .  97:59:20 
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Parameter 

F i r  s t  midcourse co r rec t  i on  
(MCC-11, f p s  

Second midcourse co r rec t ion  
(MCC-21, f p s  

To ta l  es t imated  AV 
expended, fps  

. 

Nominal 

1.39 

.02 

1.41 

TABLE X I x . -  ESTIMATED MIDCOURSE CORRECTION AV EXPENDEDa 

Mean I 30 

2.04 3.15 I 3.22 4.50 

1.76 3.09 

a The midcourse c o r r e c t i o n s  were performed by burning 
out t h e  V one component a t  a t ime i n  accordance wi th  t h e  

cu r ren t  p lan .  
g 
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TAELE XXIV.  - REENTRY SUMMARY" 

~ Ine r t i a l  v e l o c i t y ,  
fPS 

Spacecraf t  weight ,  
l b  

I Par  met er 

T i m e  from deorb i t  t o  
e n t r y  i n t e r f a c e  , sec  

A l t i t u d e ,  f t  

Apogee a l t i t u d e  , 
n. m i .  

Per igee a l t i t u d e  , 
n. m i .  

Semina j o r  axis , 
n. m i .  

Right ascension of 
t h e  ascending node, 
deg 

I n c l i n a t i o n ,  deg 

I n e r t i a l  f l i gh t -pa th  
ang le ,  deg 

True anomaly, deg 

Eccen t r i c i ty  

Nominal 

1 207.94 

400 000 

217.38 

-22.02 

3 540.08 

203.06 

33.49 

-1.87 

283.55 

.0338 

'5 814.52 

26 601.42 

Mean 

1 210.17 

400 000 

216.85 

-23.12 

3 539.27 

203.07 

33.52 

-1.88 

283.14 

.0339 

25 809.96 

26 615.30 

30 

151.27 

b 

3.45 

15-97 

10.20 

45 

1.10 

* 15 

5.13 

.0021 

28.58 

222.42 

After t ransformat ions  i n t o  u n c e r t a i n t i e s  a t  t h e  landing  
s i t e  po in t  ( r e f .  12), t h e  d e v i a t i o n s  r ep resen t  4.2-n. m i .  
down range e r r o r  (3a) and 6.8-n. m i .  c ros s  range e r r o r  (3~). 

any a l t i t u d e  dev ia t ion  would be w i t h i n  t h e  noise  of k h e  
ca l cu la t ions .  

a 

bThe s t a t i s t i c s  were formed a t  400 000-ft a l t i t u d e ,  and 
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32 439.55 
86.5 

4 085.87 
LO 354.18 

54.57 

TABL 

uurn 

SPS-1 

SPS-2 

SPS-3 

SPS-4 

DPS 

SPS-5 

Separation 

Phasing 

Inser t ion  

cs I 

CDH 

TPI 

MCC-1 

MCC-2 

AI’S BTD 

SPS-6 

SPS-7 

w - 8  

Total  

YXV.- M 

System 

SPS 
SM R C S  

SPS 
SM R C S  

SPS 
SM R C S  

SPS 
SM R C S  

Df’S 
LM R C S  

SPS 
SM R C S  

SII R C S  

D P S  
LM R C S  

DPS 
LM R C S  

APS 

RPS 
LM R C S  

LM RCS 

LI4 R C S  

LM R C S  

wps 
2.1 R C S  

s PS 
SI4 RCS 

SPS 
SM R C S  

SPS 
SM R C S  

SPS 
SM R C S  
APS 
D P S  
LLI R C S  

EUVER PROPELLANT SUMMARY 
Weight of 

Nominal 

332.10 
0 

7 348.50 
0 

18 656.20 
0 

1 888.65 
14.3 

10 066.82 
7.33 

2 798.53 
14 .3  

15.0 

196.95 

90.26 

5.13 

5.13 

“43.82 

34.35 

25.26 

1.60 

.01 

4 007.70 
4 .40  

5.71 

169.20 
14.3 

416.11 
14.3 

830.27 
14.3 

ropel lant  
Mean 

330.43 
0 

7 350.22 
0 

18 658.11 
0 

1888.50  
14 .3  

1 0  066.16 
7.33 

2 794.20 
14.3 

1 5 . 0  

197. 08 
13.01 

90.17 
8.73 

43.82 

34.36 
7.56 

25-52 

2.00 

2.91 

4 005.52 
4.40 

168.56 
14.3 

416.88 
14.3 

827.98 
14 .3  

32 434.88 
86.5 

10 353.41 
71.46 

4 083.70 

ed, l f i  

30 

62.90 
0 

50.42 
0 

105.42 
0 

14.98 
0 

143.45 
0 

49.67 
0 

0.6 

9.93 
1.32 

4.86 
5.67 

2.28 

2.40 
3.12 

2.10 

4.68 

12.03 

249.9 
0 

1 4 . 5 5  
0 

15,20 
0 

27.96 
0 

146.72 
0.6 

219.92 
143.88 
14.65 

aAPS propel lant  through t h e  R C S  interconnect  w a s  used 
for CSI. 
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APPENDIX A 

COORDINATE SYSTEMS 
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APPENDIX A 

COORDINATE SYSTEMS 

. The a c t u a l  v e l o c i t y  gained and t h e  AV r e s i d u a l s  f o r  t h e  burns are 
presented  i n  t a b l e s  I through X X I I I .  The va lues  are g iven  by components 
i n  coord ina te  systems def ined  as fo l lows:  

The a c t u a l  v e l o c i t y  gained components, AVx, AV and A V Z ,  are i n  Y' 
t h e  l o c a l  v e r t i c a l / l o c a l  ho r i zon ta l  coord ina te  system. 

x = (; x $ )  x r 
y = z x ,  

where F = p o s i t i o n  vec tor  i n  i n e r t i a l  coord ina tes  at t i m e  of i g n i t i o n  

V = v e l o c i t y  vec tor  i n  i n e r t i a l  coordinates  a t  t i m e  of i g n i t i o n  

, and V , are i n  t h e  spacec ra f t  c o n t r o l  

axis coord ina tes .  The x, y ,  and z r e f e r  t o  t h e  spacec ra f t  axes r o t a t e d  
7O15' t o  t h e  RCS t h r u s t  axes i n  the  spacec ra f t  y - Z  plane .  

g x y  vgY gz 
The AV r e s i d u a l s ,  V 



. 
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APPENDIX B 

ERROR SOURCE MAGNITUDES 
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APPENDIX B 

ERROR SOURCE MAGNITUDES 

TABLE B-I.- ERROR SOURCE MAGNITUDES USED IN  SIMULATION^ 
[30 deviat ions]  

Source 

Platform misalinement angle, deg 

I S t a t i c  gyro d r i f t  r a t e s ,  deg/sec 

Input ax is  g-sensi t ive gyro d r i f t ,  

deg/sec / f t / sec2  

Spin reference a x i s  g-sensi t ive gyro d r i f t ,  

deg/sec / f t  /sec2 

Accelerometer misalinement angles, deg 

Accelerometer b iases ,  f t / s e c 2  

Accelerometer s c a l e  f a c t o r s ,  ppm 

Accelerometer nonl inear i ty  c o e f f i c i e n t ,  

s e c 2 / f t  

At t i tude  misalinement angles, deg 

Thrust cutoff uncertainty impulse, lb-sec 

Weight uncer ta in ty ,  l b  

Error  i n  RTCC es t imate  of weight, l b  

Thrust uncertainty,  l b  

Coeff ic ient  of drag uncertainty 

CSM 

0.033 

.251E-6 

.312E- 5 

* 1953-7 

.018 

.021 

348. 

e939E-6 

2. 

2499. 

258. 

642. 

SpSb 195. 
198.6 

SPS 1.587 

.6  

LM 

0.057 

.251.~-6 

.3123-5 

-19 53-7 

.018 

.021 

300. 

-9393-6 

2. 

207. 

258. 

642. 

10% DPS ‘33.0 
APS 87.6 
RCS 3.39 

10% DPS ‘7.23 
APS 2.514 
RCS 8.79 

. 6  

“For t h e  rendezvous, a t h r u s t  m i s t r i m  e r r o r  of 6 percent of t h e  t o t a l  AV was used as 
t h e  30 value. For t h e  SPS burns, t h r u s t  m i s t r i m  d a t a  w a s  obtained from reference 2. MSFN 
update matrices f o r  t h e  rendezvous and PGNCS rendezvous radar  covariance matrices came from 
i-eferecce- 4 m 8  5; references 6 and 7 supplied t h e  navigation covariance matrices for  t h e  
other  maneuvers. 

195 l b .  After  crossover, it i s  198.6 l b .  Crossover occurs 75 seconds i n t o  t h e  t h i r d  
SPS burn. 

bSPS t h r u s t  uncertainty before crossover from t h e  s torage tank t o  t h e  sump tank i s  

‘The 30 t h r u s t  e r r o r  randomly applied a t  each t h r u s t  l e v e l  of t h e  docked DPS burn was  
2 . 1  percent of t h e  nominal t h r u s t  a t  tha t  l e v e l .  For I 1 . 5  percent of t h e  nominal 

I was used as t h e  30 value. 
SP’ 

SP 
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